Introduction
============

Although fast movements are largely uncommon to occur in plants, the latter have various complex mechanisms to allow for a movement of organs ([@B4]). One well-known example is the carnivorous Venus flytrap (*Dionaea muscipula* J.Ellis), a model system for turgor movements ([@B24]). While the movement of fly catching leaves are known for centuries ([@B11]) the underlying mechanism was reconsidered later and is referred to as "snapping" ([@B25]) or more recently as "snap-buckling movement" ([@B19]).

Another example of a unique movement in plants is the explosive pollination mechanism of Marantaceae ([@B27]). In this tropical plant family, the style is enveloped and kept under tension by a hooded staminode (Figure [1](#F1){ref-type="fig"}, hs) (compressive stress). Based on the deflection of a trigger appendage (ta), the hooded staminode can be removed by pollinators and the stored tension is relieved. As a consequence, the style irreversibly curls up in a split second and pollen (pp) is transmitted to the insect's body ([@B5]). It took 50 years of investigation to understand the pollination mechanism ([@B29], [@B30]; [@B32]; [@B23]; [@B12]) but the biomechanics on which the style bending is based on, is still unknown.

![Explosive style mechanism and histology of the cells on the upper (us) and lower side (ls) of the style. **(A)** Unreleased state, style (st) growing against the hooded staminode setting up compressive stress in the lower cells; cells at the upper side expanded; **(B)** released state, after deflecting the trigger appendage the style curls up; lower cells are expanded and the upper ones are shortened in length. Black arrows indicate a water shift from cells of the upper to the lower side ([@B40]); hs, hooded staminode; ls, lower side; pp, pollen plate; sc, stigmatic cavity; st, style; stc, style channel; ta, trigger appendage; us, upper side (modified from [@B40]).](fpls-09-01695-g001){#F1}

Recent histological studies showed that the style of Marantaceae contains an upper layer with elongated cells (us) and a lower one (ls) with cells that are under pressure (Figure [1A](#F1){ref-type="fig"}; [@B7]; [@B40]). Since the length of the upper cells decrease and the lower cells increase in length after style movement (Figure [1B](#F1){ref-type="fig"}), [@B40] assumed a water shift through the style to account for the observed style bending. The mechanism could thus be comparable to a common turgor movement as described for *Aldrovanda vesiculosa* L. (Droseraceae) ([@B2] but see also [@B49]), *Biophytum sensitivum* (L.) DC. (Oxalidaceae) ([@B47]), *Desmodium gyrans* (L.f.) DC. (Fabaceae) ([@B1]), *Mimosa pudica* L. (Fabaceae) ([@B48]), or *Sparrmannia africana* L.f. (Tiliaceae) ([@B3]).

This putative "hydraulic mechanism" ([@B40]) was recently tested in physical, chemical, mechanical, and electrophysiological experiments ([@B26]). Based on these studies, it is evident that the mechanism releases the style mechanically. To test the hypothesis on a water shift inside the style, it is necessary to reconstruct the cell volume before and after the movement. Today, methods such as confocal microscopy ([@B22]; [@B20]; [@B15]) or μ-computer tomography ([@B18]; [@B44]) offer new possibilities for cellular measurements. However, confocal microscopy is not suitable for our study due to the high reflections on the epidermis and μ-computer tomography is not yet precise enough for studies at cell level.

From a theoretical point of view, the explosive style movement is much too fast to be mediated solely by a turgor based water shift ([@B43]). [@B40] argue that according to [@B43] the movement must be based on elastic instabilities, e.g., "snap-buckling." For such movements it is possible to use the poroelastic time (τ~p~; Eq. 1) as approximate value. This parameter describes the physical limit of diffusive equilibration of pressure via fluid transport depending on the size of the moving tissue (L = smallest dimension), the elastic modulus (E), the viscosity (μ) and the hydraulic permeability (k) according to [@B43].
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According to Eq. 1 and the average style diameter (L = 1 mm; estimation based on own morphometric measurements), the poroelastic time for *Goeppertia* is 1.6 s (τ~p~/L^2^ = 1.6 s/mm^2^ a typical value for soft plant tissue, see [@B43]). Indeed, the duration of style movement of Marantaceae is only 0.2--0.03 s ([@B28]; [@B5]) and is thus shorter than the calculated poroelastic time of this tissue. Consequently, a solely turgor based explanation has to be rejected. In fact, elastic instabilities must be involved in this particular movement of plant tissue.

To test this hypothesis, it is necessary to quantify changes in cell size (volume) and shape before and after the style is released. The current approach addresses a turgor-based movement (hydraulic mechanism) via histological investigations. Additionally, structures have to be identified that might account for a storage of elastic energy, e.g., vascular bundles (VBs) or cell wall reinforcement.

In the current study, we used a conventional histological approach to measure cell dimensions based on the "Duchartre-Lewis method" ([@B17]). The aim is to understand the histological basis for the style movement and to identify putative structures that might store elastic energy.

Materials and Methods {#s1}
=====================

Plant Material
--------------

For histological investigations flower material of *Goeppertia bachemiana* (E. Morren) Borchs. & S. Suárez (Figure [2A](#F2){ref-type="fig"}; syn. *Calathea bachemiana* E. Morren) was collected in the greenhouse of the Botanical Garden of the Johannes Gutenberg University (Mainz, Germany). For plant identification the Flora Brasiliensis ([@B37]) was used. The species grows clonally. Thus, all flowers are genetically identical to a single "mother" plant.

![Flower **(A)** and dissected styles **(B--D)** of *Goeppertia bachemiana*. **(B)** Unreleased style under tension, enveloped by the hooded staminode. **(C)** Released state; style is curled up. **(D)** Steady state manipulation; style only slightly curved. Dotted lines indicate orientation of the cross sections within the bending zone. Triangles indicate the boundaries for the length measurements on the lower (black triangles, from fusion zone to the knob of the style head) and upper side (white triangles, from a point perpendicular to the fusion zone to the beginning of the style head). ta, trigger appendage; pp, pollen plate.](fpls-09-01695-g002){#F2}

Preparation of Samples
----------------------

To reconstruct the assumed shift of water during style movement three different states were analyzed, i.e., unreleased (Figure [2B](#F2){ref-type="fig"}), released (Figure [2C](#F2){ref-type="fig"}), and steady state (Figure [2D](#F2){ref-type="fig"}). To get the latter, the hooded staminode was removed in bud stage 1 day before flowering according to [@B39]. At this time, tension is not yet set up and the style grows without any external pressure.

To minimize shrinking artifacts ([@B46]), flowers of all states were collected shortly after anthesis in the early morning and fixed in 50% formalin-acetic acid alcohol (FAA). The latter was preferred over other chemical solutions that lead to tissue shrinking (ethanol) ([@B46]) or an increased fragility of the tissue (methanol) ([@B38]). Furthermore, alcohol often leads to style release during fixation already described for some Marantaceae species ([@B6]; [@B40]).

After a minimum of 2 weeks to allow for a complete fixation, i.e., a substitution of water inside the cells against FAA, styles were isolated from the flowers. For embedding, the plant tissue was dehydrated in absolute ethanol, transferred to isobutyl alcohol (IBA) and infiltrated in paraffin. Cross and longitudinal sections (thickness: 15 μm) were made with a rotary microtome (Leitz, Germany) and affixed on glass slides. Fully dried slides were stained in 0.05% toluidine blue for 10 min ([@B35]) and washed with distilled water. Afterward, paraffin was removed with Roti^®^-Histol (ROTH, Germany) and slides were sealed with Eukitt^®^ (ROTH, Germany).

Graphical Analysis
------------------

To reconstruct changes in cell volume, the area (cross section) and the length (longitudinal section) of individual cells from the same sector (Figure [3](#F3){ref-type="fig"}) were analyzed. Cross sections were made in the bending zone (Figures [2B](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}, dotted lines) for eight unreleased, eight released and four styles in steady state. Cross section areas of single cells were measured for ten different sectors defined by a mask (Figure [3A](#F3){ref-type="fig"}). The latter was adjusted using the VBs (Figure [3A](#F3){ref-type="fig"}; vb). For each sector, an average of 15 cell areas was analyzed. Upper epidermal and sub-epidermal cells were measured separately. Lower epidermal cells were excluded from further calculation since they were that much stretched in the released state that a proper measurement was no longer possible. For analyses, cell walls were retraced in Illustrator CS3 (Adobe). The enclosed cell areas (*N* = 3247) in the cross section were measured with Photoshop CS3 (Adobe) and the according number of pixels were converted in μm^2^.

![Determination of the sectors to reconstruct the cell area and length. **(A)** Cross section of the style; 10 sectors are indicated by black horizontal lines; measurement of cell areas is exemplarily shown (red highlighted cells); **(B)** longitudinal section; cell length is indicated by red lines; par, parenchyma; ri, ring of cells surrounding the style channel; stc, style channel; vb, vascular bundle.](fpls-09-01695-g003){#F3}

To measure the corresponding cell length within these 10 sectors, vertical longitudinal sections in the area of the mask were analyzed with Imagic (ims Client 12v). Measurements were performed only for well-noticeable cells (*N* = 4057, Figure [3B](#F3){ref-type="fig"}) in four styles per state.

Correction of Data
------------------

Artificial shrinking of the style tissue due to fixation ([@B46]) mainly affected the length of the style. To correct the corresponding data of cell length, 10 fixed and 10 untreated styles were compared for each state. Thereby, the length of the upper and lower side of the styles were measured (Illustrator CS3, Telegraphics path lengths Plugin). The lower length is defined from the fusion zone of the hooded staminode and style to the knob of the style head (black triangles, Figure [2D](#F2){ref-type="fig"}). The upper style length was measured from a point perpendicular to the fusion zone to the beginning of the style head (white triangles, Figure [2D](#F2){ref-type="fig"}). To reconstruct the length of the ten sectors the difference between the upper and lower length was equally split and assigned to the sectors (Supplementary Table [S2](#SM2){ref-type="supplementary-material"}). Thereby the relative position (Rel. Pos.) of the sector was multiplied with the difference of upper and lower length and added to the length of the upper side (Difference × Rel. Pos. + Length upper side). Afterward, for each sector the length of untreated styles was divided by the length of fixed ones to obtain the corresponding correction factor.

Reconstruction of Cell Volume
-----------------------------

To reconstruct the cell volume, the cell length and area were multiplied for each state and sector. Longitudinal and cross sections were analyzed and the volume of cells in different layers of the style was reconstructed according to [@B41]. Here, we used the medians instead of the mean value to minimize the effect of outliers. Relative changes of the released and steady state to the unreleased state were calculated as percentage.

Vascular Bundles
----------------

As a potential source for elastic energy, the VBs were analyzed by their length. To compare all three states, 637 individual vessels from four individual styles per state were recorded. For each vessel, the length of 10 helical loops (Figure [4](#F4){ref-type="fig"}) was digitally measured using Imagic (ims Client 12v).

![Longitudinal section trough an unreleased style. A close-up of a vessel from the upper vascular bundle embedded in the parenchyma is provided in the box; a red line indicates 10 helical loops.](fpls-09-01695-g004){#F4}

Statistical Analysis
--------------------

Significant changes of the cell length and area were tested with a two-sample *t*-test. As a precondition for the *t*-test, data were tested for a normal distribution with the Kolmogorov--Smirnov test (K--S test). For data that was not normally distributed a Mann--Whitney *U* test was used instead of a *t*-test. All statistics were performed with SPSS ver. 20.0.0.1.

Results
=======

Style Length Differences Indicate Tissue Shrinking After Fixation
-----------------------------------------------------------------

Length measurements of the upper and lower side of the style provided useful data to interpret the explosive style movement. A comparison of the length of unfixed styles clearly showed that the upper side significantly decreased in length (T~18~ = 5,684; *P* = 0,000) while the lower side increased in length (T~18~ = -24,924; *P* = 0,000) during style movement (Figure [5](#F5){ref-type="fig"}). Values for the steady state samples were intermediate, i.e., between the length of the released and unreleased state (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). Measurements after FAA-fixation showed the same proportion as non-fixed styles for the lower side. In contrast, the upper side was rather constant in all three states after fixation (Figure [5](#F5){ref-type="fig"}).

![Comparison of the style length before and after FAA-fixation. Mean values and standard errors for steady, unreleased (unrel.), and released state are provided for upper and lower side of the style. Except for the upper side of the released style FAA led to a shrinking of the tissue. Bars represent means ± standard error (see Supplementary Table [S1](#SM1){ref-type="supplementary-material"}).](fpls-09-01695-g005){#F5}

The comparison between fixed and non-fixed styles showed a significant tissue shrinking due to dehydration, except for the upper side of released states (Figure [5](#F5){ref-type="fig"} and Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). The corresponding factors to correct these particular length differences related to fixation were up to 1.21 (e.g., released state measurements for sector 10; Supplementary Table [S2](#SM2){ref-type="supplementary-material"}).

Histology of the Style as Basis for Cell Volume Reconstruction
--------------------------------------------------------------

Epidermal cells were only investigated in the upper side of the style since the ones on the lower side were irreversibly stretched after style release. In general, epidermal cells have a cylindrical shape and were thick-walled (e; Figure [6A](#F6){ref-type="fig"}). The three VBs (vb) are arranged around the style canal in the upper part of the style (Figure [3A](#F3){ref-type="fig"}), a larger one below and two smaller ones above or lateral to the style channel (stc), respectively. The style channel is characterized by a layer of thick-walled glandular cells, which were intensively colored after staining. These cells are surrounded by a ring-shaped tissue (ri) with cells of low light density and thus pale blue colored after staining with toluidine blue (Figure [3A](#F3){ref-type="fig"}). Together, style channel and VBs are embedded in parenchyma cells (par) which are highly turgescent and have an elongated cylindrical shape in the longitudinal section (Figure [3B](#F3){ref-type="fig"}). Intercellular spaces are observed between the parenchyma cells (arrows; Figure [6B](#F6){ref-type="fig"}).

![Histological sections with toluidine blue staining. **(A)** Upper side of the style (longitudinal section) with epidermis (e), sub-epidermis (se), and one vessel (ve) of the upper vascular bundle. **(B)** Parenchyma of the lower part of an unreleased style in the bending zone (cross section). Intercellular spaces indicated by arrows.](fpls-09-01695-g006){#F6}

Cell Dimensions
---------------

Since the anticlinal cell walls of all cell layers (i.e., E, SE and sectors 1--10) are parallel to each other (Figure [6A](#F6){ref-type="fig"}) it is possible to calculate the volume based on a straight prism. A given change in cell length does not necessarily lead to a change of the cell volume, as it will be shown for the epidermal and sub-epidermal layers.

### Epidermal (E) and Sub-Epidermal (SE) Layers

Cells in the unreleased state clearly differ from those of the steady and released state, i.e., by their cell area and length (Figures [7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"} and Supplementary Tables [S3](#SM3){ref-type="supplementary-material"}, [S4](#SM4){ref-type="supplementary-material"}). While the areas of the epidermal cells significantly increased in the released and steady state (Figure [7A](#F7){ref-type="fig"}), their length (Figure [7B](#F7){ref-type="fig"}) decreased. The shape of cells in the steady and released state are more similar to each other than to cells in the unreleased state.

![Cellular measurements of the style of *G. bachemiana*: **(A)** Cell area (in μm^2^) and **(B)** cell length (in μm). Mean values and standard errors for steady state, unreleased, and released state are provided for epidermal (E) and sub-epidermal cells (SE) and sectors 1--10. An asterisk indicates significant differences (in comparison to the unreleased state) of the steady and released state. Bars represent means ± standard error (see Supplementary Tables [S3](#SM3){ref-type="supplementary-material"}, [S4](#SM4){ref-type="supplementary-material"}).](fpls-09-01695-g007){#F7}

![Reconstruction of cell volumes (gray shaded boxes). Cell area is represented by height and cell length by length of the boxes. The corresponding cell volume is illustrated by the rectangular and referred to the unreleased state (middle; volume corresponds to 100%), relative changes are indicated by different shades of gray and the percentages provided in the box. Significant differences compared to the unreleased state are indicated by vertical (cell area) and horizontal lines (cell length). E, epidermis; SE, sub-epidermis.](fpls-09-01695-g008){#F8}

The observed changes lead to a deformation in the two layers from rather elongated to shortened prismatic cells (Figure [8](#F8){ref-type="fig"}). As cell area and length change, it is possible that cells remain the same volume while changing their forms. This was shown for epidermal cells (E) in the released versus unreleased state (Figure [8](#F8){ref-type="fig"}). However, comparing steady and unreleased states for E and SE, the change of the cell forms indeed goes along with a difference of the volume (i.e., 14% in the SE and 30% in the E; Figure [8](#F8){ref-type="fig"}).

### Sectors 1--10

In the cells below the epidermal and sub-epidermal layers, i.e., sectors 1--10, the cell areas were of comparable size in all three states (Figure [8](#F8){ref-type="fig"}). Significantly different cell areas, indicated by vertical lines in Figure [8](#F8){ref-type="fig"}, and by asterisks in Figure [7](#F7){ref-type="fig"}, respectively, were only observed for sector 2, 3, and 5 (Figures [7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"} and Supplementary Table [S3](#SM3){ref-type="supplementary-material"}).

As to the cell length, sectors 1--3 showed a reverse elongation. In comparison to the unreleased state, the steady and released states decreased in sector 1 but increased in sector 3. Sector 2, which has the longest cells all over the style, showed no significant change in cell length between all the three states (Figures [7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"} and Supplementary Table [S4](#SM4){ref-type="supplementary-material"}).

Sectors 4 to 10 were significantly longer in the released state than in the unreleased state but showed no significant change in the steady state (Figures [7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"} and Supplementary Table [S4](#SM4){ref-type="supplementary-material"}). Since the cell area remained constant, the corresponding cell volume in the released state was higher (Figure [8](#F8){ref-type="fig"}).

The corresponding cell volume (Figure [8](#F8){ref-type="fig"}) increased in the lower part of the style (sector 2--10: 72709 μm^3^; Supplementary Table [S5](#SM5){ref-type="supplementary-material"}) comparing the unreleased and released state. In contrast, the upper part decreased (sector 1: -6139 μm^3^; Supplementary Table [S5](#SM5){ref-type="supplementary-material"}). Volumetric changes between the steady and unreleased states are rather little in the lower part of the style. Only in sector 1 and 2 the steady state has a decreased volume (sector 1: -4733 μm^3^; sector 2: -18716 μm^3^; Supplementary Table [S5](#SM5){ref-type="supplementary-material"}).

Vascular Bundles (VBs)
----------------------

Significant length differences in the VBs were observed between the unreleased and released state only for the lower VB (Figure [9](#F9){ref-type="fig"} and Supplementary Table [S6](#SM6){ref-type="supplementary-material"}). The latter increased in length after style release. In contrast, the upper VBs decreased in length when the style is released but this change is not significant. Styles, which grew without the external tension of the hooded staminode (steady state), had upper and lower VBs significantly shorter than in the unreleased state (Figure [9](#F9){ref-type="fig"} and Supplementary Table [S6](#SM6){ref-type="supplementary-material"}).

![Length of vascular bundles (VBs) in *G. bachemiana* for all three states. Significant differences (*P* ≤ 0.05, *U*-test) compared to the unreleased state are indicated by an asterisk. Bars represent means ± standard error (see Supplementary Table [S6](#SM6){ref-type="supplementary-material"}).](fpls-09-01695-g009){#F9}

Discussion
==========

Current data contribute to a deeper understanding of the post-stimulation processes resulting in the explosive style movement in Marantaceae. The fast style movement is based on a tensile stress of the upper epidermis and a particular tissue at the lower side of the style. We refer to this tissue as "soaking tissue" since it is able to absorb water in a very short time. The corresponding cells increase in length and thus in their volumes. A water shift from the upper to the lower side of the style can only partly explain the massive volumetric changes observed.

Vascular Bundles -- Compressed or Stretched?
--------------------------------------------

[@B33] discussed VBs to operate mechanically like springs in, e.g., *Narcissus tazetta* L. (Amaryllidaceae) and *Cyclamen hederifolium* Aiton (Primulaceae). Based on this model, it is likely that VBs are also involved in the storage of elastic energy in Marantaceae. A comparison of the length of VBs among the released, unreleased, and steady state (Figure [9](#F9){ref-type="fig"}) should clarify how far the style movement and corresponding tissue deformation are based on an elastic tension stored in the VBs. While a tensile stress could be identified by a reduced length of vessels in the relaxed states (steady and released), a compressive stress would be indicated by an elongation of VBs after release.

Since the upper VBs decrease in length in both relaxed states (Figure [9](#F9){ref-type="fig"}), one can assume a tensile stress here. However, the lower VB shows conflicting results for the steady (shorter VB) and released state (elongated VB). This incongruence indicates that the lower VB is neither elastically stretched nor compressed. Assuming that the VBs act in the same way, we conclude that the style movement passively deforms all of them.

Current histological analyses support this hypothesis. They reveal that the secondary walls of the tracheary elements are ring-like in *G. bachemiana* (Figure [4](#F4){ref-type="fig"}) instead of showing helical (spiral) thickenings like springs as already described by [@B14]. Consequently, the mechanical properties as proposed by [@B33] for spring-like VBs can be rejected for *G. bachemiana*. The VBs are rather passively elongated (lower VB) or shortened (upper VBs) when the style curls-up. The significantly shorter vessels in the steady state (relaxed) clearly show that upper and lower VBs are passively elongated in the unreleased state. This elongation might be due to the stretched upper side of the style.

Elastic Energy Stored in the Upper Epidermal Cells Speeds Up the Style
----------------------------------------------------------------------

Measurements for the upper epidermal and sub-epidermal layers clearly show that the cell shape changes dramatically after style release. Thereby, the cell length is decreasing while the cell area is increasing. However, the cell volume remains constant. This finding indicates that there is no water in- or out-flux (shift) in the cells and the deformation is thus not turgor-based. Due to the incompressible cell fluid, external strains can only lead to a deformation but not to a volumetric change ([@B34]). This is in accordance with experiments performed by [@B31] who addressed this aspect in cells of mung bean seedlings. Referring these results to Marantaceae, the different shapes of the epidermal cells before and after style movement is either based on (1) a tensile stress in the unreleased state or (2) on a compressive stress in the released state due to the elongation of the lower side.

Based on histology, cell walls of the style of *G. bachemiana* differ. The epidermal cell walls are thicker than those in the parenchyma (Figure [6](#F6){ref-type="fig"}) and might allow for the elastic strain and storage of energy. Similar observations are known from *Impatiens parviflora* DC. (Balsaminaceae) ([@B36]). Here, the inner layer of its exploding fruits has thickened cell walls storing strain energy. We assume that in Marantaceae the epidermal cells are elastically stretched and thus under tensile stress in the unreleased state.

Evidence for the current assumption is provided by the comparison of fixed and unfixed styles. The application of FAA reduces the turgor in the whole style (reduced style length) until a movement is not possible anymore. In this condition, any tensile or compressive stress is reduced or even completely eliminated in the style. Since the length of the upper side of the style shows no significant change after FAA fixation in the released styles (Figure [5](#F5){ref-type="fig"}), this state seems to be not affected by compressive stress. In contrast, the upper side of unreleased state decreases after fixation and clearly indicates a tensile stress.

Although this aspect was not in the scope of the present study, it is obvious that one should attach importance to the cell wall. To confirm a tensile stress in the epidermal layers, sub-microscopic investigation of the cell wall might be useful to distinguish different elastic states ([@B21]; [@B16]; [@B45]). [@B25] investigated cross sections of the Venus flytrap in a polarizing microscope and demonstrated that the microfibril orientation seems to be important for the movement and the corresponding stretching of the cells. Indeed, it was the cell walls of the upper and the lower epidermis as well as the mesophyll layer under the upper epidermis showing a preferential microfibril orientation in the direction of the applied stress. Compared to our data, the same layers (E, SE, and section 1) seem to be involved here. Furthermore, the composition of the cell wall ([@B9], [@B10]) as well as chemical or enzymatical processes might be more complex in cells exposed to mechanical strains as addressed ([@B42]).

Cutting experiments as conducted by [@B25] or [@B13] might provide clear evidence for tissue stresses. Experiments addressing the sensitivity of the style of Marantaceae (unpublished data) give a first insight. When the upper side of the style was cut transversely, the upper layers (at least E and SE) curl up and separate from the lower layers. These preliminary findings further support the assumption of a tensile stress in the epidermis.

Furthermore, the cellular measurements of the steady state can be used. However, it is important to consider, that the growing conditions differ in this state, i.e., growing without hooded staminode and thus without external strains. It is evident that the epidermal cells in the steady and the released state resemble each other (Figure [8](#F8){ref-type="fig"}). Both represent relaxed states and have clearly shorter epidermal cells than the unreleased state (Figure [8](#F8){ref-type="fig"}). Therefore, it has to be assumed that the cells in the unreleased state are stretched. Consequently, the latter are under tensile stress. So far, it remains unclear why the upper side of the steady state decreases after FAA-fixation. We assume that this change in length is most likely based on the turgor decrease during fixation. Additionally, the epidermal cells show higher volumes in the steady state than the unreleased state (Figure [8](#F8){ref-type="fig"}). The missing tension of the hooded staminode obviously allows for an increased cell elongation and volume. Nevertheless, it is interesting to further investigate why the unreleased state has smaller cells especially since this finding is in conflict with [@B8]. He stated that cell walls extend when affected by a constant force. In Marantaceae, this force might be comparable to the one, mediated by the hooded staminode in the unreleased state.

Our findings show that the upper epidermal cells are most likely under tensile stress in the unreleased state. As soon the hooded staminode is removed, the elastic energy is released and the style curls up (Figure [1](#F1){ref-type="fig"}).

A "Soaking Tissue" Mediates the Curl-Up of the Style
----------------------------------------------------

In contrast to the upper side of the style, cells below the style channel (sectors 4--10) increase in volume up to 148% when the style is released (Figure [8](#F8){ref-type="fig"}). This is based on a shift of water as proposed by [@B40] but current data reveal that although cells of sector 1 show a significant water loss (-6139 μm^3^; Supplementary Table [S5](#SM5){ref-type="supplementary-material"}), the latter is by far too low to explain the observed increase of cell volumes on the lower side of the style (72709 μm^3^; Supplementary Table [S5](#SM5){ref-type="supplementary-material"}). [@B28] assumed that water might be transported within the style. He suggested that it rather comes from the upper side of the style and is transported into the intercellular space. However, the water loss in sector 1 alone is not suitable to explain the movement as our data indicate. Although, we confirm that water is responsible for the increase of cell volumes in the lower side of the style. Further experiments are necessary to test whether the water might come from the intercellular space and the cell walls, respectively.

One hint for such a water shift is the model of tissue construction by [@B40]. The authors described "strongly perforated cell bundles" that might support the stability (collenchyma), pliability (intercellular spaces), and water transport (extremely porous tissue) in several species of Marantaceae. In *G. bachemiana*, another character might contribute to increase the pliability of the style in the investigated species, i.e., cells in sector 2 show no significant change in their length. They are located between the two functional tissues, the decreasing upper layers (E, SE, and sector 1) and the increasing lower layers (sector 3--10). Consequently, the cells in sector 2 are not able to change the cell shape longitudinally (cell length) but vertically (cell area). This might explain the low volume in the steady state that is based on an increased cell area in sector 2.

So far, we conclude that the cells of the lower layers, i.e., sector 3--10, are capable to absorb water. We refer to these cells as a "soaking tissue" in the lower side of the style, which is involved in a rapid and massive water shift that leads to an irreversible curl-up of the style.

Conclusion
==========

The quantitative histological analysis reveals that the style movement is based on two components, the elastically stretched upper epidermis and a particular tissue in the lower side of the style ("soaking tissue"). The elastic instabilities in the epidermis allow for the fast movement and the "soaking tissue" supports the curling of the style. Since the volumetric changes in the lower layers are higher than the water loss in the upper layers, we assume that also water from the apoplast might be involved.

Experimental data clearly show that at least for *G. bachemiana*, physical limitations such as the poroelastic time are suitable parameters to predict fast movements based on elastic instabilities.

How far the same principle is realized in the whole family remains an open question. Based on the high phenotypical diversity of floral structures, it is possible that at least species with small flowers lack the elastic component and solely rely on the extension of the "soaking tissue."

Beyond knowing the histological basis of this explosive mechanism, it might be useful for applied engineering or biomimetics, e.g., to design a material allowing for a movement without the need for joints.
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